Introduction
Bovine viral diarrhoea virus (BVDV) is a member of the genus Pestivirus, non-arthropod-borne viruses within the Flaviviridae (Westaway et al., 1985) . The virus has a worldwide distribution and causes a variety of disease syndromes in cattle, ranging from transiently detectable mild clinical symptoms to a fatal diarrhoeic condition known as mucosal disease (Brownlie et al., 1987) .
BVDV exists in two biotypic forms, a non-cytopathic form that is widely distributed and a cytopathic form that is associated predominantly with animals that develop mucosal disease (Brownlie et al., 1984) . Both types of virus have a broad tropism, infecting a number of different cell types (Bielefeldt Ohmann, 1988 ; Fernandez et al., 1989 ; Liebler-Tenorio et al., 1997) , but have a particular predilection for cells of the immune system, including both lymphocytes and antigen-presenting cells (Bolin et al., 1987 ; Lopez et al., 1993 ; Sopp et al., 1994) . Specific antibody is produced after recovery from experimental infection with non-cytopathic strains of BVDV and maternal Author for correspondence : Shelley G. Rhodes.
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Less is known about the T cell responses to BVDV. Earlier studies showed that peripheral blood mononuclear cells (PBMC) proliferate in vitro in response to BVDV (Hooper et al., 1992 ; Larsson & Fossum, 1992) . Furthermore, experiments involving the depletion of T cell subsets in vivo by using monoclonal antibodies have indicated that CD4 + T cells, and not CD8 + T cells, are the major T cell population responsible for protective immunity against BVDV (Howard et al., 1992) . A more recent study reported quantitative differences in the T cell proliferative response to the two biotypes of BVDV that appeared to be inversely related to antibody titres. On the basis of these observations, the authors suggested that a differential Th1-Th2 bias may be applicable to the T cell responses against cytopathic and non-cytopathic biotypes of the same virus (Lambot et al., 1997) , although no direct evidence was presented to support this suggestion.
Previous studies of T cell responses to BVDV have utilized inactivated virus as the stimulatory antigen in in vitro assays. The capacity of the virus to infect antigen-presenting cells provides an opportunity to investigate the T cell responses elicited by virus-infected cells, this being a close mimic of the situation in vivo. This study, therefore, set out to examine proliferative and cytokine responses of purified bovine CD4 + and CD8 + T cells to autologous, BVDV-infected monocytes in animals that had recovered from infection with BVDV, with the aim of defining the relative contribution of the two T cell subsets and their respective cytokine profiles.
Methods
Virus. A non-cytopathic strain of BVDV, Pe515nc (Brownlie et al., 1984) , was cultured in calf testis cells and stored at k70 mC. Methods for the isolation and quantification of infectious virus have been described previously (Howard et al., 1989) .
Animals. Eleven Friesian cattle (females or castrated males) aged 4-24 months were used in this study. Six were seropositive for BVDV, comprising two cattle that had been experimentally infected by intranasal inoculation with 10' TCID &! Pe515nc (animals 5334 and 5196) and four that had been exposed naturally to an unknown strain(s) of BVDV (animals 6306, 4223, 6225 and 4319) . Five uninfected, BVDV-seronegative controls were used in the study (animals 1218, 1221, 1223, 1225 and 6196) . BVDV antibody status was assessed by ELISA (below) at the outset of the experiment and the titres for each animal are shown in Table  1 . The cattle were housed under conditions where no further infection with BVDV was possible.
BVDV antibody ELISA. Total BVDV-specific antibody in individual sera was detected by ELISA as described previously (Howard et al., 1985) . Titres of individual serum samples were calculated in comparison with positive and negative control sera.
Isolation of PBMC. Whole, heparinized blood was centrifuged and both the plasma and buffy coat cell fractions were collected. PBMC were isolated by separation over histopaque 1083 (Sigma), washed twice in PBS and resuspended in tissue culture medium comprising RPMI 1640 supplemented with 10 % foetal bovine serum, 100 U\ml penicillin, 100 µg\ml streptomycin and 5 µg\ml fungizone (Gibco).
Monocyte isolation from PBMC. Monocytes were isolated from PBMC by using gelatine and plasma-coated flasks according to the method of Goddeeris et al. (1986) with minor modifications. Whole PBMC were added to gelatine\plasma-coated flasks for 2 h at 37 mC, after which the non-adherent cell populations were removed by gentle swirling and rinsing with PBS. Adherent cells were then removed by using a solution of EDTA in Ca# + -and Mg# + -free PBS. Cells were washed in PBS and resuspended in fresh culture medium at 4 mC. This method of isolation provided a monocyte-enriched population of cells that typically contained 73 % CD14 + cells, 5 % CD3 + cells and 8 % CD21 + cells.
Isolation of T cell subpopulations from PBMC. CD4 + T cells were isolated from PBMC by positive selection by using the anti-bovine CD4 monoclonal antibody CC-30 (IgG1 ; Bensaid & Hadam, 1991) , rat anti-mouse IgG1-coated microbeads and a MiniMACS column system (Miltenyi Biotech), following the manufacturer's guidelines. Eluted CD4 + cells were washed and resuspended in tissue culture medium. Cell purity was assessed by incubating the eluted cells with FITC-conjugated sheep anti-mouse immunoglobulins or a control antibody (Calbiochem-Novabiochem). Cells were consistently 98 % pure. CD8 + T cells were isolated by using MACS columns (Miltenyi Biotech) in a two-step procedure that allowed the removal of γδ TCR + cells. Previous work indicated that the dominant proliferative response in MACS-sorted CD8 + cells in our assays was γδ TCR + CD8 + proliferation, and that the γδ T cells were possibly responding to interleukin (IL)-2 produced by virus-specific αβ TCR + CD8 + T cells (data not shown). Therefore, in order to assess the reactivity of αβ TCR + CD8 + cells, the γδ T cell population was removed. This was achieved by a two-column sequential sort. PBMC were first depleted of γδ T cells by using the antibovine γδ TCR monoclonal antibody GB21A (IgG2a, Davis et al., 1996) (courtesy of W. C. Davis, Washington State University, Pullman, USA) and rat anti-mouse IgG2(ajb)-coated microbeads (Miltenyi Biotech). Effluent cells (γδ T cell-depleted PBMC) were collected for CD8 positive sorting. The γδ T cells retained on the column were discarded.
CD8 + T cells were sorted positively from the γδ-depleted PBMC by using the anti-bovine CD8β monoclonal antibody CC-58 (IgG1, MacHugh et al., 1991) and rat anti-mouse IgG1-coated microbeads (Miltenyi Biotech). CD8 + cells were eluted, washed and resuspended in tissue culture medium. The purity of the eluted population was checked by FACS analysis as described above. Flow cytometric analysis of the cells obtained by this method showed a depletion of γδ TCR + cells from the PBMC by the first column of 99 % and a 98 % pure CD8 + cell population collected from the second column.
Proliferation assay. Specific proliferation to BVDV-infected autologous monocytes was measured by using a tritiated thymidineuptake assay. Monocytes were plated out at 5i10$ per well in triplicate in 96-well round-bottom tissue culture plates (Gibco) and were either infected with Pe515nc or mock-infected with a control supernatant. The method used to infect monocytes with Pe515nc consistently gave a population of monocytes that was 90 % positive for intracellular viral protein (by using monoclonal antibody Wb103, Veterinary Laboratories Agency, Weybridge, UK) when assessed by flow cytometry (data not shown). After 3 days incubation at 37 mC in 5% CO # , 2i10& responder cells (CD4 + or CD8 + T cells) were added per well, in triplicate, to both the virus-infected and mock-infected monocytes. This gave a T cell : monocyte ratio of 40 : 1, which in preliminary experiments had resulted in optimal proliferative responses. Cultures were then incubated at 37 mC in 5% CO # for variable time periods. Cultures were pulsed with tritiated thymidine (DuPont) 24 h before harvesting and analysed by β-scintillation counting. A stimulation index was calculated for each responder cell culture as follows : stimulation index l (c.p.m. of BVDVinfected monocytes)\(c.p.m. of mock-infected monocytes).
Flow cytometry. Monoclonal antibodies used for the staining of T lymphocytes were CC-30 (IgG1 anti-bovine CD4) and CC-58 (IgG1 antibovine CD8β), both tissue culture supernatants produced at Compton and used at 1 : 10, and MMIA (IgG1 anti-bovine CD3) and GB21A (IgG2b anti-bovine γδ TCR), both courtesy of W. C. Davis (Washington State University, Pullman, USA) and both used at 5 µg\ml (Davis et al., 1996) . Monoclonal antibody binding was detected by using FITCconjugated sheep anti-mouse immunoglobulins (Calbiochem-Novabiochem). Fluorescent staining of cells was measured on a FACScan and data were analysed by using the PC-lysis software (Becton Dickinson).
Cytokine assays
Interferon (IFN)-γ ELISA. IFN-γ was measured in the T cell culture supernatants by using a commercially available antigen capture ELISA kit, BOVIGAM (CSL, Parkville, Victoria, Australia), according to the manufacturer's instructions. Neat culture supernatants were compared with a recombinant bovine IFN-γ standard curve. The sensitivity of the IFN-γ ELISA was 0n3 ng\ml.
IL-2 bioassay. IL-2 in the T cell supernatants was measured by the ability to cause proliferation of lymphoblasts generated by stimulation with concanavalin A (Con A), following the method of Kuhnle et al. (1996) . Neat T cell culture supernatants were added to the Con A lymphoblasts in triplicate and sequential dilutions of recombinant bovine IL-2, also in triplicate, provided the standard curve. The plates were incubated for 24 h at 37 mC in 5% CO # , pulsed with tritiated thymidine (DuPont) and harvested 24 h later. The results are expressed as units of biological activity, 1 unit being defined as the concentration of IL-T cells, cytokines and BVDV T cells, cytokines and BVDV 2 that induced 50 % maximum proliferation. The specificity for IL-2 was determined by inhibition with a monoclonal antibody (IL-A111 ; Naessens et al., 1992) specific for the α-subunit of the IL-2 receptor, CD25. The monoclonal antibody was added to the cells at a final concentration of 10 µg\ml before the addition of the test supernatants (Kuhnle et al., 1996) . The sensitivity of the IL-2 bioassay was 1 U\ml.
B cell growth factor bioassay. Evidence for B cell growth factor activity in T cell supernatants was sought by measuring their ability to drive the proliferation of pre-activated B cells (Kuhnle et al., 1996) . Bovine B cells were positively sorted from PBMC of a naive animal by using one of two monoclonal antibodies, IL-A58 (IgG2a) and IL-A59 (IgG1), specific for bovine immunoglobulin light chains (Williams et al., 1990) , which served both to isolate the B cells and to pre-activate them by cross-linking their surface immunoglobulin. PBMC were then incubated with rat anti-mouse IgG1-or IgG2 ( bottomed microtitre plates with T cell culture supernatants (neat) and a sequential dilution of recombinant bovine IL-4 to generate a standard curve. Plates were incubated for 24 h at 37 mC in 5% CO # , pulsed with tritiated thymidine (DuPont) and incubated for a further 24 h before harvesting. The results are presented as units of biological activity, 1 unit being defined as the concentration of test sample that induced 50 % maximum proliferation. The sensitivity of the IL-4 bioassay was 0n1 U\ml. In some assays, a monoclonal antibody specific for bovine IL-4 (CC303 ; 10 µg\ml) was used to determine the extent to which IL-4 contributed to the B cell stimulatory activity. This antibody, which was produced by immunization of mice with a DNA plasmid containing the bovine IL-4 gene, has been shown to inhibit specifically the biological activity of recombinant bovine IL-4 (R. A. Collins, unpublished data).
Results

BVDV induces a type 2 CD4 M T cell response
CD4 + T cell proliferation. BVDV-specific proliferation of purified CD4 + T cells from all BVDV-seropositive cattle was apparent BGHF S. G. Rhodes and others S. G. Rhodes and others after 5 days culture in vitro (Fig. 1) . CD4 + T cells from three of these cattle showed a particularly strong response and continued to proliferate throughout the 11-day culture period, reaching a peak response at day 9. Peak stimulation indices ranged from 7n5 for the weakest response to 226 for the strongest response. The highest proliferative responses were seen in the two animals (5334 and 5196) that had been experimentally infected with BVDV (Pe515nc). No BVDVspecific CD4 + T cell proliferative responses were detected in the seronegative group of cattle. Background activity of ' immune ' CD4 + cells cultured with mock-infected monocytes gave readings for tritiated thymidine uptake of less than 400 c.p.m. in all six animals, while ' naive ' CD4 + cells cultured with either BVDV-infected or mock-infected monocytes gave readings of less than 200 c.p.m. in all cases. FACS analysis of the responding population of CD4 + cultures confirmed that they were CD4 + , CD3 + , CD8 − and γδ TCR − (data not shown).
Cytokines in CD4 + T cell culture supernatants. Supernatants from parallel CD4 + T cell cultures harvested on the day of peak proliferation for each animal were assessed for B cell stimulatory activity (Fig. 2 a) , IL-2 biological activity (Fig. 2 b) and IFN-γ by ELISA (Fig. 2 c) . CD4 + T cells from seropositive cattle produced high levels of B cell stimulatory activity, 1000 U\ml in 5\6 cases, exceeding the top of the standard curve (Fig. 2 a) . In additional assays, the B cell stimulatory activity was inhibited 70 % by anti-IL-4 (Fig. 3) . In contrast, IL-2 levels were extremely low ( 3 U\ml) and only slightly exceeded those in samples from the control seronegative animals (Fig. 2 b) . These IL-2 responses were blocked by the addition of anti-CD25 (result not shown). IFN-γ was detectable (2-30 ng\ml) above control levels only in those cattle that gave the strongest CD4 + T cell proliferative responses (5334, 5196 and 6306) (Fig. 2 c) . Taken together, these data support the existence of a virus-specific, type 2-biased CD4 + memory cell population in BVDV-seropositive cattle. 
BVDV induces a type 1 CD8 M T cell response
CD8 + T cell proliferation. Purified CD8 + T cells from all seropositive cattle showed BVDV-specific proliferation by 5 days of culture. One animal (5334) again showed a longerlasting proliferative response that peaked on day 9 (Fig. 4) . Peak stimulation indices ranged from 3n5 for the weakest response to 25 for the strongest response. There was no distinction between experimentally infected and naturally exposed cattle in the CD8 + T cell response. BVDV-specific CD8 + T cell proliferation was not detected in the seronegative group of cattle. Background activity of ' immune ' CD8 + cells cultured with mock-infected monocytes gave tritiated thymidine uptake readings of less than 1000 c.p.m. in all six animals, while ' naive ' CD8 + cells cultured with BVDV-infected or mock-infected monocytes gave readings of less than 100 c.p.m. in all cases. FACS analysis of the responding populations confirmed that they were CD8 + , CD4 − and γδ TCR − (data not shown).
Cytokines in CD8 + T cell culture supernatants. Supernatants from parallel T cell cultures harvested on the day of peak proliferation for each animal were assessed for IL-2, IFN-γ and B cell growth factor activity (Fig. 5) . In contrast to CD4 + T cells, the levels of B cell stimulatory activity in the CD8 + T cell culture supernatants from seropositive cattle were negligible and no different from those of the control seronegative group (all 0n1 U\ml or less) (Fig. 5 a) . CD8 + T cells from 3\6 seropositive cattle produced relatively higher levels of IL-2 (10-14 U\ml) (Fig. 5 b) , while CD8 + T cells from 5\6 seropositive cattle produced IFN-γ at higher levels (2-240 ng\ml) (Fig. 5 c) than did CD4 + T cells from the same animals. Taken together, our data support the existence of a BVDV-specific, type-1 CD8 + memory cell population in seropositive cattle.
T cells, cytokines and BVDV T cells, cytokines and BVDV Fig. 5 . Cytokines in CD8 + T cell supernatants harvested on the day of peak proliferation for each animal. Levels of B cell stimulatory activity (a), IL-2 activity (b) and IFN-γ (c) in the supernatants of individual CD8 + T cell cultures are shown for BVDV-seropositive (grey bars) and seronegative control (black bars) cattle. Individual animals are (from left to right) : 5334, 5196, 6306, 4223, 6255 and 4319 (seropositive) ; 1218, 1221, 1223, 1225 and 6196 (seronegative) .
Discussion
This study describes the virus-specific CD4 + and CD8 + T cell response to BVDV in seropositive cattle. Data presented show that the CD4 + component was type 2-like, with extremely high IL-4 production and relatively low IL-2 and IFN-γ, while the CD8 + component, although more variable, appeared to be type 1-like, giving rise to increased IL-2 and IFN-γ but not IL-4. Our data would therefore appear to support the view that antiviral T cell responses comprise CD8 + cells capable of acting as effectors against virus-infected cells and CD4 + cells that can provide help for production of neutralizing antibody capable of limiting the spread of the virus (Doherty et al., 1997) . The most unusual finding in our report, however, was the very strong Th2 bias in the CD4 + T cell response.
Studies of the susceptibility of calves with maternally derived antibody to infection with BVDV have provided evidence that antibody can protect against virus challenge (Howard et al., 1989) . However, in calves that are persistently infected with BVDV as a result of in utero infection, acquisition of maternal antibody gives rise to a transient depression of viraemia but fails to clear the infection (Sopp et al., 1994 ; M. C. Clarke, unpublished data) , suggesting that clearance of an established infection requires additional T cell-mediated mechanisms. Studies in which calves were treated with monoclonal antibodies to deplete CD4 + or CD8 + T cells coinciding with experimental infection with BVDV have shown that depletion of CD4 + T cells but not CD8 + T cells can significantly delay clearance of virus (Howard et al., 1992) . Although the CD4 + T cell response described herein could readily provide the necessary help for the antibody response observed in BVDV-infected animals, such a Th2-biased response is not normally associated with antiviral effector functions.
In contrast to the CD4 + T cell response, our results showed that BVDV-specific CD8 + T cells were biased towards a type 1 cytokine profile. While we did not test for cytotoxic activity in this study, other workers have reported evidence of cytotoxic activity in cattle vaccinated and infected with BVDV, although the type of MHC class restriction was not specified (Beer et al., 1997) .
The presence of cytotoxic CD8 + T cells is already established for sheep and pigs infected with pestiviruses (Woldehiwet & Hussin, 1994 ; Pauly et al., 1995) and both CD4 + and CD8 + T cell-mediated cytotoxicity have been described against other members of the Flaviviridae (Lobigs et al., 1994 ; Livingston et al., 1995 ; Gagnon et al., 1996) . It might therefore be expected that the virus-specific type 1 CD8 + T cells described in our experiments would be able to kill virusinfected cells. While the absence of an effect of CD8 + T cell depletion on the course of infection with BVDV (Howard et al., 1992) indicates that CD8 + T cells are not essential for control of the infection, this does not preclude the possibility that they contribute to virus clearance. Induction of the CD8 + T cell response may be dependent on CD4 + T cells, or the CD8 + effectors may require a concurrent antibody response in order to be effective at clearing the infection.
This report is the first that we are aware of to describe such a strongly biased differential T cell response in cattle. Where T cell responses to other infections have been examined, there has been either a mixture of cytokines produced or a tendency towards dominance of type 1 cytokines (Brown et al., 1993 ; Canals et al., 1997) . A subset of T cell clones that produced predominantly IL-4 has, however, been identified in responses of cattle to the parasitic trematode Fasciola hepatica (Brown et al., 1994) . In virus infections of man and laboratory animals, CD4 + T cells producing type 1 cytokines usually represent a prominent component of the T cell response and are considered to have an important effector role (Ramshaw et al., 1997) , although cytokines typical of Th1 and Th2 cells are commonly detected. Notable exceptions, in which Th2 responses are predominant, include infection with measles virus in man (Griffin & Ward, 1993) and, in some circumstances, respiratory syncytial virus (RSV) infection in mice (Alwan & Openshaw, 1993) . Th2-type responses in the former have been implicated in immunosuppression (Whittle et al., 1978 ; Arneborn & Biberfeld, 1983) and, in the murine RSV model, strong Th2 responses directed against the attachment G glycoprotein are associated with enhanced pulmonary pathology following virus challenge (Hancock et al., 1996) . Whether this mechanism of enhanced disease applies to natural infections with RSV in man and cattle has yet to be determined. Infection with BVDV has been reported to result in immunosuppression and enhanced susceptibility to other infections, although the experimental data in support of this are not extensive. Evidence of suppressed immune responsiveness is based largely on the finding of reduced responses of PBMC from infected cattle to T cell mitogens (Johnson & Muscoplat, 1973 ; Brown et al., 1991) , while increased susceptibility of BVDV-infected calves to experimental infection with bovine herpesvirus-1 (BHV-1) has been reported (Potgieter et al., 1984 ; Edwards et al., 1986) . A dominant Th2-CD4 + T cell response might be expected to interfere with protective Th1 responses to other pathogens such as BHV-1.
The ability of BVDV to induce a Th2-biased CD4 + T cell response may be of advantage to the virus in establishing persistent infections in utero. The production of persistently infected calves as a result of in utero infection prior to the onset of immune competence has be shown to be essential for the maintenance of infection within herds (Innocent et al., 1997) . Infection of placental cells has been observed after infection of pregnant animals with BVDV (B. Charleston, personal communication). Stimulation of a strongly biased Th2 response may avoid aggressive cellular responses to placental infection and hence reduce the risk of abortion.
In this report, we have dealt only with the memory response after infection of immunocompetent cattle with BVDV, which constitutes the simplest scenario for this virus. By investigating virus-specific proliferation of purified T cell subsets and measuring the cytokines that they produce, we were able to demonstrate type 1 CD8 + and type 2 CD4 + T cell memory in BVDV-seropositive cattle. Whether the strong Th2 bias in the cytokine profile of the CD4 + T cells in this convalescent phase of the infection is characteristic of the initial response to the virus will need to be investigated in further studies. The information generated in this study represents a significant step towards understanding the mechanisms of immunity to BVDV, which is not only relevant to vaccine development but also provides a basis for the investigation of the immune dysfunction associated with BVDV infections, both postnatally and in calves born persistently infected with the virus.
